Enhanced charge extraction of polymer solar cell by solution-processable gold nanoparticles † Introduction Bulk-heterojunction polymer solar cells, with their interpenetrating network of electron donors and electron acceptors, have received much attention as promising candidates for sustainable energy due to their low manufacturing costs, scalable fabrication process, exible substrate and low processing temperature. [1] [2] [3] The recent development of novel low band-gap photoactive material and the optimization of the photoactive layer morphology [4] [5] [6] [7] have improved the power conversion efficiency (PCE) of polymer solar cells to over 9%. 8 Apart from charge transfer improvement due to the novel interfacial layer, 9, 10 incorporating noble metallic nanoparticles in the device architecture to enhance light harvesting is also a strategy to improve the performance of polymer solar cells. Interfacial layers play an important role in reducing charge injection or extraction barriers and result in the formation of ohmic contact between the two conducting electrodes and polymer active layer interfaces. [11] [12] [13] Noble metallic nanoparticles, which are well known for their strong interactions with electromagnetic waves due to the localized surface plasmon resonances (LSPR), have been used to increase the light harvesting and current density of photovoltaic cells. [14] [15] [16] [17] [18] In particular, gold nanoparticles (Au-NPs) have been shown to cause a signicant enhancement in solar cell performance due to their collective oscillations of surface electrons induced by visible light at around 500 nm, which overlaps with the absorption of the active layer of polymer solar cells.
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There is no shortage of good studies on the understanding of LSPR in polymer solar cells. 20, 21 Wu et al. performed an in-depth investigation on the LSPR contribution from Au-NPs towards P3HT:PC 61 BM based polymer solar cells. The work by Kim et al. demonstrated signicant enhancement in external quantum efficiency for polymer solar cells using plasmonic noble metal nanoparticles. 17 However, the LSPR effect from Au-NPs might not be the only factor that increases the PCE of polymer solar cells. Heeger et al. exemplied an increase in PCE through light scattering activities caused by incorporated Au-NPs.
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Here, we design a Au-NP/poly(sodium-4-styrenesulfonate)/ V 2 O 5 (Au-NP:PSS/V 2 O 5 ) bilayer anodic buffer to enhance the PCE of polymer solar cells. Our results show that a $16% improvement in the PCE was achieved through the utilization of a Au-NP:PSS/V 2 O 5 bilayer anodic buffer. The enhancement mechanisms induced by the Au-NP layer were investigated by analysis of the electrical characteristics of the devices, optical properties and the crystalline structure of the polymer active layers. The current results indicate that the Au-NP:PSS/V 2 O 5 bilayer signicantly enhances the device efficiency by improving the crystallinity of the active layer and enhancing the charge extraction of the polymer solar cell.
Experimental details

Chemicals
Tetrachloroauric acid trihyrate (AuHCl 4 $3H 2 O), sodium tricitrate, regioregular poly(3-hexylthiophene) (P3HT), phenyl C 61 -butyric acid methyl ester (PC 61 BM), poly(sodium-4-styrenesulfonate) (PSS), vanadium oxytriisopropoxide, and chlorobenzene were purchased from Sigma-Aldrich. Isopropanol was supplied from Fisher Scientic. All chemicals were used as purchased without further purication processes.
Preparation of gold nanoparticles
Au-NP colloid was synthesized using a modied Turkevitch method. 23 In brief, a 2.5 Â 10 À4 M tetrachloroauric acid trihydrate (AuHCl 4 $3H 2 O) solution was heated to boiling point, and then 1 ml of sodium tricitrate was injected rapidly into the solution.
The gold precursor underwent a reduction process from gold ions to Au-NPs, which was indicated by the change of the solution colour from light yellow to wine reddish within 10 minutes.
Fabrication of polymer solar devices
The devices were fabricated using regioregular poly(3-hexylthiophene):phenyl C 61 -butyric acid methyl ester (P3HT:PC 61 BM) blend, and the device architecture is depicted in Fig. 1 . Before the device fabrication process, transparent patterned conductive glasses (indium-doped tin oxide (ITO), 15 U ,
À1
) were cleaned thoroughly by sonication in 5% detergent for 30 min rst and then rinsed with de-ionized water (DI water) several times, followed by sonication in DI water for 15 min. This step was repeated twice. The pre-cleaned patterned ITO glasses were dried using nitrogen gas and heated on a 70 C hotplate for 10 min.
The dried ITO glasses were further cleaned with UV ozone plasma for 20 min to remove any residual organic molecules. A solution of 0.2 wt% poly(sodium-4-styrenesulfonate) (PSS) mixed with Au-NPs (denoted as Au-NP:PSS) was rst coated onto the ITO/glass substrate at 5000 rpm for 60 s ($16 nm thick) and heated on a 150 C hot plate for 30 min. Aerwards, vanadium oxytriisopropoxide was diluted with iso-propanol solvent at 1 : 150 volume ratio and spin coated on the patterned ITO/glass substrate at 8000 rpm for 30 s ($10 nm thick). It is speculated that the possibility of intermixing of Au-NP:PSS with the V 2 O 5 layer would be minimal because the Au-NP:PSS layer was heated on the hotplate rst to ensure that the layer was dried before the V 2 O 5 layer was spin coated onto it. The as-prepared sample was maintained at ambient conditions for 1 h for hydrolysis to take place. Then, a 10 mg ml À1 P3HT:PC 61 BM (both purchased from Sigma-Aldrich) blend (1 : 1 weight ratio) in chlorobenzene was sonicated for 5 min before spin coating at 800 rpm for 25 s on the as-prepared ITO substrate and capped in a chlorobenzenerich petri dish for 20 min. The photoactive device structures were completed by thermally evaporating 100 nm Al electrodes in a base pressure of 1.0 Â 10 À5 Pa with a shadow mask to dene the active device area. The fabricated solar cells were annealed at 150 C for 30 min. For the control devices, a polymer solar cell without the Au-NP:PSS layer was fabricated using the conditions described previously. All the processes were carried out under ambient conditions at room temperature except the aluminum electrode deposit process and the annealing process.
Characterization of the samples
The current density ( J ) versus voltage (V) characteristics were recorded on a Keithley model 2400 source measuring unit in the dark and under illumination by a Newport solar simulator with a 100 mW cm À2 AM1.5G spectrum. The intensity of the solar simulator was calibrated by a standard Si photovoltaic cell. Au-NP:PSS on the ITO substrate was observed using a eld-effect scanning electrode microscope (FESEM) (JEOL JSM-6700). The ITO, Au-NPs on ITO, and P3HT:PC 61 BM surface topographies and phase diagrams were observed with an atomic force microscope (AFM Asylum Research, MFP-3D). Solution-based zeta-potential measurements was examined using a zetapotential analyzer (Nano-ZS Zetasizer with DTS Nanosoware, Malvern Instruments). The crystallinity of the fabricated devices was studied using an X-ray diffraction (XRD) Rikaku Rint-2000 instrument with Cu Ka radiation (l ¼ 1.54056Å). The absorption spectra were studied using ultraviolet (UV)-visible spectroscopy (Shimadzu UV-2450). 
Results and discussions
The solution processed Au-NP was spin-coated onto the ITO substrate using the as- (Fig. S1 †) remarkably, which is in agreement with previously reported results. 24 In contrast, spikes were observed on the surface of ITO/Au-NP/V 2 O 5 structure (Fig. 2(b) ), which resulted from the additional Au-NP layer. The size of the spikes ranged from 20 nm to 100 nm, indicating a non-uniform distribution and signicant agglomeration of the Au-NP layer on the ITO surface by spin-coating the citrate-capped Au-NP solution. This result implies that sodium tricitrate, which acts as a reducing agent as well as a capping agent, 25 is not sufficient to prevent the aggregation of Au-NPs. In order to obtain a more uniform distribution of Au-NPs on the ITO surface, the more negatively charged PSS was added into the Au-NP solution. 26, 27 As shown in Fig. 2(c) , a smaller spike height with a higher density and uniformity of Au-NPs were obtained for the samples prepared from the Au-NP:PSS solution. The improved uniformity could be attributed to the stronger repulsive forces due to mixing the more negatively-charged PSS with the citrate-capped Au-NP solution. The stronger repulsive force was conrmed with the zeta potential measurement, which changes from À45.9 mV to À49 mV for the Au-NP solution and Au-NP:PSS solution, respectively. A higher zeta potential indicates that a larger repulsive force is experienced in the system, which creates an energy barrier that prevents two particles approaching and adhering to each other and causes a more uniform distribution of Au-NPs. The average diameters of the spikes in Fig. 2 (c) are around 20 nm, which is in good agreement with the SEM image of the Au-NP:PSS coated ITO substrate as shown in Fig. 2(d) .
The J-V characteristics of the illuminated polymer solar cells with different anodic buffer layers are shown in Fig. 3(a) and the solar cell performance parameters are summarized in Table 1 . As displayed in Table 1 IPCE spectra and UV-visible absorption spectra of various buffer layers ( Fig. 3(b) ). IPCE is commonly used to demonstrate the presence of the plasmonic effect from noble metallic nanoparticles, which could cause signicant absorption enhancement at wavelengths ranging from around 450 nm to 600 nm, 21 corresponding to the LSPR range of metallic nanoparticles. The IPCE curves of devices with the V 2 O 5 buffer and Au-NP:PSS/V 2 O 5 bilayer buffer in Fig. 3(b) show similar shapes and intensity throughout the visible light wavelengths. This result is in good agreement with the similar J sc values of the two devices, as shown in Table 1 . As such, the IPCE results demonstrate that the plasmonic effect is probably absent in the device with the Au-NP layer. In addition, the UV-visible absorption spectra of various buffer layers were examined to investigate the plasmonic contribution from Au-NP layer. As shown in the inset of Fig. 3(b) , incorporating Au-NP underneath the V 2 O 5 buffer layer has no discernible effect on the absorption spectrum of the buffer layer at wavelengths ranging from 450 nm to 600 nm. Based on the current IPCE and UV-visible absorbance results, we conclude that the insertion of a low density Au-NP:PSS layer does not induce optical absorption enhancement.
It should be noted that in this work, PSS is mixed with AuNPs to create a more uniform distribution of Au-NPs on the ITO substrate. In order to investigate the effects of PSS on the device performance, a PSS-only device was fabricated in which only PSS was deposited at the interface of ITO substrate and V 2 O 5 buffer layer. The concentration of PSS used for spin coating on the ITO substrate was 2 mg ml À1 , which is the same as the amount of PSS mixed with the as-prepared Au-NP solution. As shown in Fig. S3 , † the PSS-only device shows similar J-V characteristica and PCE as the reference devices. We thus conclude that PSS itself does not exert a discernible effect on the device performance.
To gain a better understanding of the performance enhancement by the addition of the Au-NP:PSS layer, the internal resistance of the polymer solar cell was extracted using an equivalent circuit model (inset of Fig. 4(a) ) by tting the experimental results under dark conditions (Fig. 4(a) ) using a modied vertical optimization method. [28] [29] [30] From the equivalent circuit, the current density ( J ) versus applied voltage (V) can be described using the generalized Shockley equation.
where R p is the parallel resistance, R s is the serial resistance, n is the ideality factor, and J s represents the reverse dark saturation current density when it is biased with a negative voltage. The extracted parameters summarized in Table 2 show that the reference cell (P3HT:PC 61 BM polymer solar cell with V 2 O 5 buffer layer) has low R p (700 U cm 2 ), high R s (1.2 U cm 2 ) and high J s (0.8 mA cm
À2
). On the other hand, the polymer solar cell with the Au-NP:PSS/V 2 O 5 bilayer buffer has R p increased by a factor of 3 (from 700 U cm 2 to 2500 U cm 2 ), and R s reduced by a factor of 2 (from 1.2 U cm 2 to 0.6 U cm 2 ) compared with the reference cell. The improvement in the internal resistance is in agreement with the higher ll factor, which could be ascribed to the reduction of the charge transport resistance (evident from the reduction in R s ) resulting from better electrical conductivity due to the more uniformly distributed Au-NP/V 2 O 5 bilayer buffer. In addition, higher recombination resistance (evident from the increase in R p ) minimizes the occurrence of charge recombination and thus leads to higher PCE. To further evaluate the charge transport properties across the anodic buffer layer/P3HT interface, hole-only devices with The effects of Au-NPs on the photoactive layer were further investigated by UV-visible spectrometry, XRD and tapping-mode AFM. Fig. 5(a) shows the absorption spectra of the P3HT:PC 61 BM active layer on V 2 O 5 with or without the insertion of Au-NPs, while Fig. 5(b) displays the change of the UV-visible absorbance spectrum of the active layer aer the insertion of Au-NPs, in which the change is calculated by subtracting the absorption spectrum of the photoactive layer aer Au-NP insertion from the absorption spectrum of photoactive layer with the V 2 O 5 buffer layer only. The possibility of an increase in the UV-visible absorption spectrum induced by plasmonic contributions from the incorporated Au-NPs is eliminated, as the curve of the UV-visible absorbance spectrum of the assynthesized Au-NP solution (inset of Fig. 5(b) ) is different from the change in the UV-visible absorption spectrum aer the insertion of Au-NPs (as shown in Fig. 5(b) ). The UV-visible absorption spectra of the active layer with Au-NP/V 2 O 5 and Au-NP:PSS/V 2 O 5 bilayer anodic buffer are overlapping, in which vibronic structure with peaks at 530 nm and 610 nm, and a gradually increasing and broadening peak located at around 500 nm is observed in the absorption spectra of the active layer with Au-NP/V 2 O 5 and Au-NP:PSS/V 2 O 5 bilayer anodic buffer, as shown in Fig. 5(a) . The increase in the intensity of the absorption peak at 530 nm indicates the enhancement in intrinsic p-p* transitions of P3HT and the peak located at 610 nm corresponds to the enhancement of the 0-0 vibronic transition of planarized P3HT, which indicates strong interchain-interlayer interactions among the P3HT chains and good polymer ordering in the blend lms. [33] [34] [35] [36] [37] [38] The XRD patterns of various P3HT:PC 61 BM active layers further conrms the results from the UV-visible measurements. The peak at 2q z 5.6 shown in Fig. 5(c) corresponds to the interchain spacing in P3HT associated with interdigitated alkyl chains. [38] [39] [40] In comparison with that of the polymer solar cell with the V 2 O 5 buffer layer only, a higher intensity is observed for the peaks at 2q z 5.6 for the P3HT:PC 61 BM active layer on the Au-NP:PSS/V 2 O 5 buffer, which may imply a higher degree of P3HT crystallinity in the P3HT:PC 61 BM active layer. The effect of Au-NPs on the morphology of the photoactive layer was further examined with AFM. The morphology was obtained from complete devices by detaching the Al electrode using scotch tape. 6, 38, 41 As shown in Fig. 6 , the surface roughness of the photoactive layer increased dramatically and the root mean square roughness increased from 0.580 nm to 4.124 nm for devices with the V 2 O 5 buffer and Au-NP:PSS/V 2 O 5 bilayer buffer, respectively. The increase in the photoactive layer surface roughness could be considered a signature of polymer self-organization resulting from enhanced ordered structure formation in the thin lm, which has been independently reported in various articles. 6, 38, 42 This observation suggests that the Au-NP:PSS layer induced higher P3HT crystallinity and enhanced the contact interaction with the Al electrode, 38 which led to the reduction of the device's charge transfer resistance and thus resulted in the increase of the ll factor. Besides the height prole, the phase diagrams of the active layers from the V 2 O 5 and Au-NP:PSS/V 2 O 5 bilayer buffer also show signicant differences. As shown in Fig. 6(a) , the phase diagram of the photoactive layer with the V 2 O 5 buffer shows an homogenous phase with a lack of phase contrast, which indicates more amorphous characteristics of the as-cast P3HT and PC 61 BM.
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On the contrary, larger phase contrast (as displayed in Fig. 6(b) ) is observed for the active layer with the Au-NP:PSS/V 2 O 5 bilayer. This indicates the formation of good crystallinity and an interfusion network within the bulk heterojunction region, which are benecial for exciton dissociation. We suggest that the protrusion point, which is caused by the insertion of the Au-NP:PSS layer, induced the alignment of P3HT within the phaseseparated networks, hence resulting in the improvement of the charge transport to the electrodes.
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Conclusions
The current work investigates the PCE enhancement mechanism of polymer solar cells by uniformly distributing Au-NPs in the buffer layer. Our studies eliminate the possibility of PCE enhancement from the Au-NPs' plasmonic effects, while indicating a signicant charge extraction improvement attributed to possible enhanced crystallinity of the active layer and interfacial charge transfer. This work also demonstrates that besides the plasmonic effect, the role of Au-NPs in the electrical characteristics and crystalline structure of the photovoltaic devices should also be considered in the performance improvement of bulk-heterojunction polymer solar cells.
